Hydrochars were prepared from Salix by hydrothermal carbonization, and characterized by FT-IR, 13 C NMR, XPS, UV-vis, TG, SEM and BET techniques. The results showed that the hydrochars with molecular sieve-type open pore structure contained numbers of oxygen and nitrogen functional groups, which benefited the adsorption and diffusion of adsorbent Cr (VI). The hydrochar obtained from 26 h reaction (HC-26) was indicated an excellent adsorbent compared to the commercial activated carbon, and its maximum removal efficiency for Cr (VI) reaches up to 99.84% at pH 1. Langmuir´s model is well fitted the experimental equilibrium adsorption data of total Cr. The bath experiment results showed that Cr (VI) could be removed rapidly in the first 300 min. Furthermore, the adsorption kinetics process of HC-26 could be described by pseudo-second-order model. Based on the above results, HC-26 could be acted as a potential efficient adsorbent for removal of Cr (VI) from aqueous solution. Published: xx xx xxxx OPEN www.nature.com/scientificreports/ 2 Scientific REPORTS | (2018) 8:4040 |
The swift industrialization has led to enormous economic growth as well as increasing awareness of the ecological effects of toxic metals and other bio-magnification on food. More and more attentions have been arisen in environmental science due to the widespread pollution of heavy metals, i.e. their toxicity, non-degradability, accumulation in living organisms, and persistent threat to human lives [1] [2] [3] . Chromium is one of the most highly toxic pollutants among these heavy metals, which have been generated from industrial wastewater from electroplating, leather tanning, textiles, printing, dying, and etc 4, 5 . On the other hand, Cr (VI) exists in the form of soluble and mobile chromate ions (HCrO 4 − or Cr 2 O 7 2− ), therefore, they can transfer freely in aqueous environment. It is well known that certain types of cancer and health problems have been caused by persistent exposure to Cr (VI) in the digestive tract, lungs and other organs 6, 7 . Therefore, it is crucial to remove Cr (VI) from contaminated aqueous solution before disposal [8] [9] [10] [11] [12] [13] [14] in order to maintain the health living environment. So, it is great challenging for us to develop both economical and eco-friendly methods for Cr (VI) treatment.
Adsorption is a simple, high efficiency, economical and convenient method for removing trace metals from aqueous solution. A variety of materials has been used as Cr (VI) sorbents, including activated carbons, biological materials, polymer resins, zeolites, mineral, and industrial wastes [15] [16] [17] [18] [19] . Among the different adsorbents, activated carbon has been studied extensively, due to its large surface area and high porosity. However, the adsorption effectiveness of adsorbents is not only dependent on specific surface area, pore structure, but also the presence of surface functional groups. A large number of studies have shown that the adsorption of Cr (VI) by activated carbon is closely related to the interaction between metal ions and its surface functional groups, for example, nitrogen containing functional groups not only chelates cationic metal ions, but also adsorbs anionic metal species through electrostatic interaction or hydrogen bonding [20] [21] [22] . Thus, many research works have been done to modify the surface properties of activated carbon by various methods, such as oxidation, sulfuration, ammonification, and coordinated ligand anchorage, even impregnating other metal oxide to improve the affinity of chromium toward adsorbents [23] [24] [25] . However, the modification procedures of activated carbon are complex and even unconventional precursors has been used to carbonization in order to reach optimum result 26 . Consequently, the conspicuous problem concerning modification of activated carbon lies within its large densities, or inferior adsorption. So, it is necessary to find a cost-effective and simple way to prepare adsorbent with a large number of surface functional groups from natural sources or wastes from industrial and agricultural processes. Therefore, both the environment and commercial value could be benefited from the new type of the adsorbent.
Recently, considerable researches have focused on synthesis of biomass-based carbon materials by hydrothermal carbonization (HTC) 27, 28 . HTC is a promising, inexpensive, low energy consumption approach for converting biomass, or its derivatives into new type of carbon-based materials (hydrochars) at relatively mild conditions 29 . In HTC process, because water is used as the reaction medium, and "wet" biomass may be utilized without dried before the HTC process. Therefore, HTC is considered as a simple and efficient process, and its cost, chemical usage and pollution could be significantly reduced compared to the other traditional techniques. What's more, hydrochar is typically rich in oxygen-containing functional groups on its surface, such as hydroxyl, carbonyl and carboxyl groups, and these groups which constitute the majority of the adsorption sites have a high affinity for metal ions 30 . Previous studies suggested hydrochars can be used as adsorbents to remove heavy metals in industrial effluents, owing to number of oxygen and nitrogen functionalities on their surface [31] [32] [33] [34] . Wherein, a certain amount of nitrogen containing surface functional group on hydrochar would endow it the better adsorption performance than that of ordinary one.
The objective of this work was to present the hydrothermal syntheses of hydrochars with surface oxygen and nitrogen functional groups from biomass-Salix. Salix is short-rotation coppice and used as sand-fixing in Gobi desert 35, 36 . Salix is rich in phenolic constituents, a lot of oxygen and nitrogen functionalities may be introduced into the hydrochar network during HTC, which is considered as an in situ "one-step" functionalization process. The hydrochars by HTC showed a stable molecular sieve-type open pore structure without any further treatments, and this unique structure in hydrochar is generated from the special texture of Salix 36 .
Results and Discussion
Characterization of Hydrochar. FT-IR and NMR Analysis. The transformations of chemical functional groups in hydrochars were characterized by Fourier-transform infrared (FT-IR) and NMR spectroscopy. As shown in Fig. 1a , the IR spectra of hydrochars were changed with reaction time. In the range of 3430-3170 cm −1 , overlapping peak bands of O-H and N-H stretching vibrations were observed for all hydrochar samples. The O-H adsorption peaks become weaker and narrower with increase of reaction time, which might be attributed to the dehydration of hydrochar, meanwhile, intensities of N-H bands were increased. Absorbance peaks between 2920 cm −1 and 2843 cm −1 represent saturated aliphatic C-H stretching vibrations. The peaks disappeared as the reaction time increased to 30 h, which showed the the alkyl chain has been decomposed. The bands at 2170-2370 cm −1 are assigned to the C≡N stretching vibrations, and 1400 cm −1 belong to the characteristic adsorptions of C-N, and its intensities increased with the reaction time extended. The reason is that nitrogen is still fixed in the hydrochar network in the form of nitrogen compounds, but carbohydrates have been hydrolyzed in biomass 37 . The bands at 1740 cm −1 and 1620 cm −1 correspond to C=O and C=C groups vibrations respectively. From the Fig. 1a , we can tell the peak of 1740 cm −1 almost disappeared after the reaction time extended to more than 4 h, which showed that the de-carbonyl reaction could be gradually taken place as HTC process was extended. The bands around the 1070 cm −1 region mainly correspond to C-O-C stretching and O-H bending vibrations. The peak intensity for the peak of C-O-C and O-H was reduced with increase of reaction time, which indicated that dehydration and aromatization processes happened during HTC.
The high-field 13 C CP-MAS NMR spectra of hydrochars were shown in Fig. 1b . The spectra of HC-26 and HC-38 were similar, nevertheless, the relative intensities of peaks exhibited some differences. The weak signals at 14, 55 and 147 ppm were attributed to adsorption of the residual lignin 38, 39 , while the peak at 75 ppm could be ascribed to adsorption of cellulose. The presence of these peaks indicated that there were still residual part of lignin and cellulose in hydrochars after HTC. The peak at around 30 ppm corresponded to the aliphatic carbon atoms, wherein, the peak at 128 ppm could be unambiguously ascribed to the protonated carbon atoms of aromatic rings 40 . These signals at 30 ppm and 128 ppm in HC-38 were more intense than that in HC-26, indicating that an amount of aromatic structure has been gradually formed with extension of reaction time. The peaks at 105, 114 and 167 ppm were assigned to furanic groups 41 . From these spectrum, we can easily tell that the formation of aromatic structure of hydrochar was much affected by the reaction time. 42 . Compared with that of hydrochar for HC-26, all the peak intensities of C-O, C=O and O-C=O groups were decreased in the sample of HC-38, which indicated that substantial amount of oxygen-containing functional groups took part in the reaction. The percentages of C, N and O in the surface of hydrochars calculated by XPS were listed Table 1 . It can be seen that the percentages of C and N increased as the reaction time increase, at the same time, there was a reduction in the percentages of O. These changes suggested the dehydration and/or decarboxylation reaction took place during hydrothermal carbonization process. It is worth mentioning that HC-26 contain more surface functional groups including oxygen and nitrogen-containing functional groups than that of others. TG Analysis. TG and DTG analyses of Salix and the hydrochars were displayed in Fig. 2a . Some differences were observed on all the samples from the TG curves. The initial decomposition temperatures of hydrochars are higher than that of Salix, which reflected differences in the inherent structural properties and composition in the both types of samples. Salix is consisted of three major components which are hemicellulose, cellulose, and lignin. The decomposition of main components hemicellulose and cellulose occurred in the range of 200 °C −380 °C, thus, weight loss of Salix has been observed clearly. When the decomposition temperature was higher than 380 °C, the weight loss is much slower, which was attributed to the decomposition of lignin. Salix's major components changed with the reaction time of HTC. However, the thermal stabilities of HC-6 and HC-16 were obviously higher than that of Salix, but were lower than that of HC-26 and HC-34. The reason was that the hemicellulose and amorphous part of cellulose could be hydrolyzed to oligomer/monosaccharide, thereafter, resulting in increasing the crystallinity of cellulose so that the thermal stability of hydrochar has been increased as well. However, because of the shorter reaction time, the hydrolysis products of hemicellulose and cellulose had not got enough time to be polymerized/condensed, a lot of oligomers/monosaccharides were involved in hydrochar, which made the thermal stability of HC-6 and HC-16 lower than that of the HC-26 and HC-34. It was found from the TG curves that a significant decay of weight happened around 286 °C for HC-26 and HC-34, and their decompositions were taken place in a low mass loss rate, which revealed hydrochars' structure has been much influenced by HTC reaction time. The distributions of DTG for the samples are also investigated in Fig. 2a appended. The main unsymmetrical peaks of Salix appeared at around 345 °C, corresponding to decomposition of cellulose and hemicellulose in Salix 43 . After HTC, the temperature of cellulose decomposition in hydrochars shifted to higher temperature than that of Salix, which might be attributed to the increase of crystallinity in cellulose. Meanwhile, From the peaks of HC-6 and HC-16 in Fig. 2a appended, it is observed that mass loss rate is higher than that of Salix. Several small peaks were observed beyond 345 °C, and these peaks indicated that decomposition of lignin was happened, however, the decomposition temperature of lignin in hydrochar was lower than that of Salix, implying that the original framework structure of lignin was disrupted, and its stability was decreased.
BET Analysis. The textural properties of the hydrochars were analyzed by nitrogen sorption. The N 2 adsorption/desorption isotherms and corresponding pore size distributions for the hydrochars were shown in Fig. 2b . All isotherms display Type I/IV isotherms with hysteresis loops, indicating that all hydrochars mainly possess mesoporous and macroporous structure character. The molecular sieve-type pore structure was formed after 26 h, and the mesopore structure has been shifted to that of larger pore (shown in Fig. 2b of 26-38 h), which was further verified by the pore size distributions of all hydrochars in Fig. 2b appended. The textural properties of the hydrochars were listed in Table 1 . From which the specific BET surface area and total pore volume showed a trend of increase with the extension of the reaction time, however, they did not change significantly when the reaction time was extended to more than 26 h. The reason is that the liquid phase products formed on the initial HTC stage blocked hydrochars' pores, which indicated their specific surface area has been reduced, and then the specific surface area increased gradually with extension of the reaction time, attributed to the formation of hydrochar which is caused by repolymerization of the components in liquid phase. SEM Analysis. SEM results have been used to evaluate the morphology variations of hydrochars with reaction time, as showed in Figure S2 . It could be clearly seen that a large amount of small cavities structures were formed on fiber surface which is attributed to the dissolution of hemicellulose after reaction of 6 h. With the extension of reaction time, the amorphous cellulose and some soluble segments of lignin were gradually hydrolyzed, and then the hydrolysis products were subsequently polymerized/recondensed, which large number of sphere-like morphology and irregular framework on the surface of fiber were formed (Fig. S2, 16 h), and some features of the natural Salix precursor were still retained, because the reaction time was limited. With the reaction time further extended, water slowly seeped into the cellulose crystalline region, and a large number of the cellulose chain was damaged and broken. As a result, the original framework structure of non-dissolved cellulose and lignin were almost all disrupted and underwent heterogeneous pyrolysis-like process and formed the unique molecular sieve-type pore structure. This unique pore structure of hydrochar is based on structure of nature Salix. It is well known that the specific surface area, pore structure and surface functional groups are key factors influencing the adsorption of metal ions. HC-26 contains a large amount of oxygen and nitrogen surface functional groups, which have a high affinity toward to metal ions. Therefore, they constitute the majority of the adsorption sites for Cr (VI). On the other hand, these surface functional groups could be protonated under acidic condition, which had strong electrostatic attraction with anions (HCrO 4− or Cr 2 O 7 2− ). At the same time, the hydorchar possesses a molecular sieve-type open pore structure, which provided a number of active binding sites for the adsorption of Cr (VI) 26 . Thereafter, HC-26 hydrochar was applied as a representative absorbent for studying Cr (VI) adsorption performance in aqueous solution. For the purpose of comparison with HC-26, the removal efficiency of Cr (VI) has been assessed by the commercial activated carbon and corn stalk-based hydrochar, which are prepared under the same condition as HC-26. The results indicated that HC-26 exhibited the best performance for Cr (VI) removal in aqueous solution among these three adsorbents (see supporting information S3) due to its specific surface chemical and physical properties. Thus, a series of experiments have been designed and conducted with the present of HC-26 hydrochar.
Effect of pH on Cr (VI) Adsorption. Both the surface functional groups present on the adsorbent and the
Cr ions' form in aqueous solution were affected by the pH of the solution. The effect of pH on the removal of Cr (VI) was examined by using Cr (VI) initial concentration of 50 mg L −1 and adsorbent dosage of 50 mg, ( Fig. 3 (a) ). The results showed that the adsorption of Cr (VI) was closely related to the pH values in aqueous solutions. The adsorption efficiency of hydrochar was found to decrease drastically with the increase of pH ranging from 1.0 to 9.0, and the maximum adsorption efficiency (99.84%) was achieved at pH 1. The adsorption efficiency was influenced by electrostatic attraction between functional groups on hydrochar surface and the Cr (VI) anions species in aqueous solutions, while the surface charge of the adsorbents, the ionization degree of chromium species and chromium ionic forms are all depended on pH of the solution. Cr Effect of Adsorbent Dosages. The influence of adsorbent dosages on the Cr (VI) adsorption was examined by varying dosages from 5 to 120 mg at a pH of 1.0, and the results were shown as Fig. 3(b) . As the adsorbent dose increases, the removal efficiency for Cr (VI) rapidly increases in the initial stages but hardly changes in the later stages. For definite number of Cr (VI), this was due to the increased dosage of the adsorbent resulting from the more functional groups, or increased adsorbent surface area and active binding sites 44 . Therefore, when the critical dosage has been reached, the removal percentage remains constant. i.e. the optimum hydrochar dosage for maximum adsorption is 60 mg.
Effect of Initial Concentration of Chromium. As Fig. 3(c) displayed, the kinetic profiles of Cr (VI) and total Cr concentration were obtained when hydrochar was mixed with Cr (VI) solutions at various initial Cr (VI) concentrations. The effect of initial concentration of chromium ions on the adsorption capacity was investigated in a range from 10 to100 mg L −1 at pH 1.0 for a period of 15 h. Hydrochar adsorbed the Cr (VI) completely at initial Cr (VI) concentrations of up to 70 mg L −1 . Its removal efficiency for Cr (VI) was increased with the increase of initial concentration, which is that more Cr (VI) ions in the solution have been absorbed onto the binding sites on the surface of hydrochar. However, the removal efficiency of Cr (VI) was decreased by further increasing the initial concentration of Cr (VI), because the adsorbent had a limited number of active sites, which were saturated in a certain concentration. Adsorption Kinetic. Figure 3(d) presented the effect of contact time on Cr (VI) adsorption by changing the contact time from 20 to 1080 min. The plot showed that an initial rapid phase and a second slower equilibrium phase were found based on the rate of Cr (VI) adsorption. The results indicated that the Cr (VI) could be removed rapidly at the beginning. While the adsorption equilibrium was established when the contact time reached 300 min, and then the value of adsorption keep a constant with further increasing time. Hence 300 min was considered as the equilibrium time. The higher rate of adsorption at initial stages could be attributed to available numbers of free functional groups, and the Cr (VI) could transfer easily to the hydrochar surface and diffuse to the internal adsorption sites through the pores. As the system reached equilibrium, the accumulation of Cr (VI) resulted in limited mass transfer of the Cr (VI) from the liquid phase to the external surface of the adsorbent, and then intraparticle diffusion which became predominant with the time increased 45 .
In order to assess the adsorption rates in the overall adsorption process of Cr (VI) onto hydrochar, the kinetic studies for Cr (VI) adsorption on the hydrochar were carried out by varying the contact time at three different temperatures. The adsorption process was investigated by the kinetic models of pseudo-first order and pseudo-second order (see the equations (1) and (2) in supporting information). The kinetic parameters for the above models are summarized in Table 2 and the kinetic fitting plots are shown in Figs 4,5 respectively. The values of R 2 for pseudo-second order are close to 1 (greater than 0.99). Higher R 2 values for the pseudo-second-order model clearly were given for the assayed kinetic models at the temperatures of 20 °C, 30 °C and 40 °C. Moreover, the theoretical q e values are almost consistent with the experimental q e values in pseudo-second order model. Thus, the experimental data are in good agreement with the pseudo-second-order model (see Fig. 5 ), which implied that the adsorption behavior of hydrochar was similar to chemical adsorption, therefore, the rate-limiting step could be explained by the chemical electrostatic interactions.
Adsorption Isotherms. To further evaluate the adsorption capacity of the Cr (VI) and adsorption mechanism, and describe the relationship between the surface properties, affinity of hyrochar and Cr (VI) Langmuir and Freundlich isothermal models (see the equation (3) and (4) in supporting information)were used to describ a monolayer homogeneous and multilayer heterogeneous adsorption respectively. The Langmuir model has been widely used to estimate the maximum adsorption capacity which was impossible to reach experimentally. The Langmuir equation is obeyed by the adsorption equilibrium, the slope and the intercept in line of C e versus C e / q e give the values of q m and b, while the plot of lnq e versus lnc e was employed to generate the intercept value of K f and the slope of 1/n from Freundlich equation. The parameters of two models at 20-40 °C are summarized in Table 3 and the adsorption isotherms are shown in Fig. 6 . It could be observed that the relative parameters R 2 of Langmuir are larger than that of Freundlich at all temperature and the Langmuir model could describe the adsorption equilibrium data more precisely (see Fig. 6 ). The maximum adsorption capacity of the hydrochar for Cr (VI) was found to be 0.976 g g −1 at temperatures 40 °C. These results suggest that the adsorption behaviors mainly belong to monolayer adsorption, and the separation factor R L also can express the essential characteristics of the Langmuir model (see the equation (5) in supporting information). However, the R 2 values of the Freundlich model were also quite high, implying that multilayer heterogeneous adsorption was involved in adsorption process. The results in Table 3 showed that the values of 1/n are between 0.1 and 0.4, and gradually decrease with the T (°C) pseudo-first-order model pseudo-second-order model q e (mg g −1 ) k 1 (min −1 ) R 2 q e (mg g −1 ) k 2 (g mg −1 ·min −1 ) R 2 20 increase of temperature, which indicated that high temperature was more preferable for the Cr (VI) adsorption. Thus, the adsorption was a complex multistep process, due to the complexity of chemical structure and physical property of hydrochar. The different oxygen and nitrogen containing functional groups resulted in numbers of different active sites on the hydrochar surface, where some adsorption likely occurred via the interactions such as electrostatic force, coordination and hydrogen bonding between the Cr (VI) and the adsorbent, and residue Cr (VI) ions may also be adsorbed into the pores of adsorbent through physical adsorption.
To confirm the changes of internal energy of adsorption process and deduce whether the process is spontaneous (see the equation (6), (7), (8) in supporting information), the ΔG, ΔH, and ΔS were calculated and listed in Table S4 . The ΔG values at each temperature were negative and decreased with increase in temperature, demonstrating that higher temperature facilitates the adsorption of Cr (VI) onto hydrochar because the adsorption process is spontaneous. The standard enthalpy and entropy changes of adsorption were calculated to be 69.19 kJ mol −1 and 0.31 kJ mol −1 respectively. The positive value of ΔH indicated the adsorption process was endothermic, hence the amount of Cr (VI) adsorbed on hydrochar increase with increasing temperature of the solution. The ΔS value was also positive, indicating that the adsorption of Cr (VI) ions on hydrochar increased disorder at solid-liquid interface.
Conclusion
In summary, hydrochars have been prepared from salix by HTC. The results showed that the hydrochar is a high-efficiency adsorbent for the removal of Cr (VI) from aqueous solution, and a large amount of oxygen and nitrogen surface functional groups have been founded in HC-26, which have a high affinity toward to metal ions. Furthermore, surface functional groups could be easily protonated under acidic conditions, they could attract anions (HCrO 4− or Cr 2 O 7 2− ) by electrostatics. At the same time, the hydorchar possesses a molecular sieve-type open pore structure, which provided a number of active binding sites for the adsorption of Cr (VI). Adsorption of Cr (VI) was found to be effective in the lower pH, and the maximum removal efficiency (99.84%) was achieved at pH of 1 and temperature of 20 °C. The pseudo-second-order kinetics and Langmuir isotherm model can well describe the Cr (VI) adsorption process. This distinguished adsorption performance reflects the great potential applications of Salix-based hydrochar in term of Cr (VI) removal.
Experimental Section
Preparation for Hydrochar. Salix psammophila were collected from the desert of western Inner Mongolia (China), cut into small chips, milled and sieved to particles below 100 μm. The other chemicals used in the study were reagent grade.
2 g dried Salix sample was dispersed in water (65 ml) and stirred for 2 h at room temperature. The mixture was then placed in a Teflon-lined autoclave (100 ml), and heated up to 220 °C at a heating rate of around 3 °C/min, and reacted for 26 h. After the reaction, the reactor was cooled down to room temperature, and then the solid/ liquid mixture was filtered; the solid fraction (here denoted as hydrochar) was washed repeatedly with distilled water and ethanol, then was dried at 80 °C for 24 h, and the grounded powder was used for various adsorption experiments. The hydrochars obtained from different reaction time were denoted as HC-t, where t represents the reaction time, for instance, HC-6 represents an HC obtained after reaction for 6 h. Adsorption Experiments. The effects of operating conditions (pH, adsorption time, adsorbent dosages, initial Cr (VI) concentration, and adsorption temperature) on Cr (VI) removal were studied, where the pH was adjusted by adding either 0.01 N HCl or 0.01 N NaOH solution. The residual concentration of the Cr (VI) was measured by UV-vis spectrophotometer at 540 nm using the diphenylcarbazide method. The sorption kinetic studies were conducted with an initial Cr (VI) solution concentration of 50 mg L −1 and 0.5 g hydrochar at different temperature of 20-40 °C for different contact times. Adsorption isotherms were recorded over a concentration range of 10-100 mg L −1 of Cr (VI) solution with 0.5 g adsorbent dosage at different reaction temperature of 20-40 °C for 8 h. The adsorption capacity of the Cr (VI) ions (q e ) was determined by equation (1): where C 0 and Ce (mg L −1 ) are concentrations of Cr (VI) solution at initial stage and equilibrium conditions, V (L) is volume of the Cr (VI) solution and m (g) is mass of the adsorbent used.
To evaluate the removal efficiency, the percentage of removal of chromium ions was calculated as equation (2):
